Piperine and piplartine ( Fig. 1 ) are naturally occurring amides from Piper species (Piperaceae), which have been used in folk medicine of tropical and subtropical countries for treatment of asma, bronchitis, fever, hemorrhoidal afflictions, gastrointestinal diseases, rheumatism, and as food additive.
Piperine and piplartine ( Fig. 1 ) are naturally occurring amides from Piper species (Piperaceae), which have been used in folk medicine of tropical and subtropical countries for treatment of asma, bronchitis, fever, hemorrhoidal afflictions, gastrointestinal diseases, rheumatism, and as food additive. [1] [2] [3] The amide piperine is the pungent principle of black pepper (P. nigrum) and can be extracted from dried fruits with a yield of 3-7%. 4) Several biological activities have been associated to piperine, including inhibition of liver metabolism, antioxidant, central nervous system depressant and antitumoral activities. [4] [5] [6] [7] [8] [9] Piplartine is one of the major amide isolated from the roots of P. tuberculatum (popularly known as "long pepper"), which has been largely used in the folk medicine as a sedative and antidote for snake bite. Piplartine has shown significant cytotoxicity against cell tumor lines, as well as antifungal, antimitotic and anti-platelet aggregation compound. [9] [10] [11] [12] [13] Piplartine anticancer potential has been highlighted by the undergoing preclinical evaluation. In vivo studies using murine tumors demonstrated that in spite of a moderate anticancer activity, piplartine has weak toxicological side effects. 3, 14) Additionally, it increases 5-fluorouracil anticancer efficacy, while reduces chemotherapeutical side effects, as evidenced by the prevention of 5-FUinduced leucopenia. 15) These data suggests that piplartine is a promising anticancer compound to be used in combination of already known antineoplastic agents.
The study of the oxidative metabolism on promising natural products is of major importance before they become medicines, since their oxidations can affect the drug's safety and efficacy, due to the formation of therapeutically active or toxic metabolites. 16) Thus, efforts have been addressed to describe the metabolic pathways of drug candidate compounds.
The cytochrome P450 (CYP) enzymes are catalytic hemoproteins known for their role in the metabolism of non-polar comounds, present in all forms of life (plants, bacteria, mammals). They have played a key role in the oxidative transformation of endogenous and exogenous molecules. 17, 18) The cytochrome P450 enzymes catalyze the hydroxylation of saturated carbon-hydrogen bonds, epoxidation of double bounds, oxidation of heteroatoms, dealkylation reactions, and oxidations of aromatic carbons, etc.
17) The oxidative metabolism of drugs by cytochrome P450 monooxygenases has been extensively studied through biological models, such as direct experiments on animals, the use of perfused organs or isolated cells. However, there are several ethical restrictions using animals and also experimental drawnbacks associated with the isolation of some hydrophilic and reactive metabolites that could bind to biological macromolecules, preparation of liver and cells (microsomes, hepatocytes) are of variable quality with low yields. [18] [19] [20] Thus, alternative model systems of cytocrome P450 have been employed in studies of P450 functions, as well as in synthesis and drug metabolism studies.
Metalloporphyrins (MePs) are chemical models that catalyze typical P450 reactions, such as hydroxylation of alkanes or aromatic compounds, and epoxidation of alkenes. 21) The use of metalloporphyrins allows obtaining oxidative derivatives in a single step, whose potential pharmacological effects and/or their toxic effects can then be evaluated. The use of such systems makes possible the identification of reactive metabolites that rapidly and irreversibly bind to cell macromolecules, such as proteins and nucleic acids, which are responsible for some secondary effects of drugs. 16) The advantages of biomimetic oxidation catalysts by metalloporphyrins is the preparation of drug metabolites by one- step oxidation of the parent drug. The main idea of the studies with MeP is not to produce high amounts of metabolites as occurs by synthesis, but to obtain a direct access to the metabolites, and then determine their structure for later evaluation of the pharmacological and toxicological profile. Oxidations using methaloporphyrins as catalysts can occur in very little reactive sites of the molecular structure, which are not possible using ordinal synthetic oxidations. 16 ) Examples of successful use of metalloporphyrins for the oxidation of drugs are given in the study of praziquantel, 20) caffeoilquinic acids 22) and primidone, 23) which lead to the formation of some major in vivo and in vitro metabolites, showing that these systems can be very useful to predict the CYP450 drug metabolism.
As part of our ongoing project on the metalloporphyrincatalyzed oxidation reactions of drugs 20) and natural products, 22) we report herein the biomimetic oxidation of piperine and piplartine catalyzed by iron(III) and manganese(III) porphyrins using iodosylbenzene (PhIO) as oxygen donor.
MATERIALS AND METHODS

Materials
Piperine was obtained from Acros Organics. Piplartine was previously isolated from Piper tuberculatum according to published procedures. 24, 25) PhIO was synthesized as previously reported. Metalloporphyrin Oxidation Procedure All the reactions were performed at room temperature, in air, in a glass vessel equipped with a magnetic stirring bar. Reaction time was measured after the addition of PhIO. Blank samples (substrateϩMeP without PhIO) were analyzed and yielded no oxidation product, as confirmed by ESI-MS. The reaction mixtures (2 ml) in DCE or MeCN contained 6.0 mM of piperine or piplartine, 0.3 mM metalloporphyrin and 9.0 mM PhIO. The reaction was stopped after 4 h. At the end of reaction, magnetic stirring was interrupted, and an aliquot of the reaction mixture (50 ml) was taken and analyzed by CG-MS, ESI-MS and ESI-MS/MS. Mass Spectrometry Gas chromatography-mass spectrometry (GC-MS) analyses were performed on a Shimadzu GCMS model QP2010 Plus mass spectrometer, under the following conditions. Helium was used as a carrier gas at a flow rate of 41 cm s Ϫ1 . Gas chromatography was conducted using a DB-5MS column (30 mϫ0.32 mmϫ0.25 mm, J & W Scientific, Folsom, CA, U.S.A.). The column temperature was programmed from 50°C (5 min hold) to 270°C at 10°C min
Ϫ1
. The injector temperature was set at 220°C, with a split ratio of 1 : 50 The interface temperature and ion source temperature was either at 250°C. The column outlet was inserted directly into the electron ionization source block, operating at 70 eV. The scan range was 50-400 Da. ESI-MS and ESI-MS/MS analyses of piperine, piplartine and their corresponding reaction mixtures were performed on an UltrOTOF Q (Bruker Daltonics, Billerica, MA, U.S.A.) mass spectrometer equipped with a quadrupole time-of-flight mass analyzer, and fitted with an electrospray interface operating in the positive ion mode. Solutions of piperine, piplartine and the reaction media were infused into the ESI source at 5 ml min
, using a Harvard Apparatus model 1746 (Holliston, MA, U.S.A.) syringe pump. Acquisition parameters were: capillary voltage, 4.5 kV; source temperature, 150°C; dessolvation temperature, 250°C. Nitrogen was used for drying, nebulizing and collision gas. MS/MS spectra were obtained using collision energy at 20 eV on the isolated precursor ions.
RESULTS
The oxidation of piperine (1) 27, 28) By means of a calibration curve previously made from standard solutions, the percentage of oxidized could thus be obtained ( Table 1) .
The metalloporphyrin-catalyzed oxidation reaction mixtures which exhibited the best yields of the oxidation products were analyzed by accurate-mass ESI-MS/MS. The molecular formulas of the major ions and their assignments are showed in Table 2 . All the mass errors calculated for the major ions in the spectra are less than 10 ppm, which is desirable to establish the molecular formula of a compound.
DISCUSSION
By analyzing the product distribution obtained in the metalloporphyrin-catalized oxidation of compounds 1 and 2, it can be seen that piplartine (2) is more easily oxidized than piperine (1). The higher yields were obtained when the reactions were carried out in MeCN as solvent, except in the case of the oxidation of pirplatine catalyzed by MePs of second generation.
The most efficient MeP in the oxidation of piplartine (2) 29) In contrast, the oxidation of piperine (1) by [Mn(TPP)]Cl was found to be more efficient than those of second generation.
Analysis of the accurate-mass data of the reaction mixture of compound 1 (Table 1) ) indicated the formation of an oxidized product containing an additional oxygen in comparison to the piperine. In order to identify the oxidized product, the MS/MS spectrum of protonated piperine (m/z 286) and its oxidized product (m/z 302) were obtained using the same experimental parameters (see Figs. 2a, b , respectively). It must be observed that the product ion at m/z 221, which is formed by amide bond cleavage (Fig. 3) , is the base peak in the spectra of both the compounds. This ion, in combination with the product ion [MϩHϪH 2 served only in the spectrum of the oxidized product, revealed the presence of an hydroxyl in the piperidine ring, thus indicating that the oxidation occurs at the piperidine moiety.
In the case of the [Fe(TFPP)]Cl-catalyzed oxidation reaction of compound 2, the ions at m/z 350.1257 and 372.1085 observed in the reaction mixture, indicated the formation of oxidation product having two additional oxygen atoms as compared to piplartine (Table 2) . MS/MS spectrum of the protonated oxidation product (m/z 350.1257) is very similar to that of piplartine, as shown in Figs. 2c and d. Although there are some differences between the MS/MS spectrum of piplartine and its oxidation product, the product ion at m/z 221 indicated that the oxidation had occurred at the piperidine ring instead of in the arylalkenylmoiety. This ion is produced by a mechanism similar to that resulting in the formation of m/z 221 of piperine and its oxidation product.
It is widely accepted that the high-valent iron-oxo intermediate Fe IV (O)P ϩ is the active species in alkane hydroxylation, when using single atom donors as PhIO. The initial step in the mechanism involves the abstraction of a hydrogen atom from the substrate by this intermediate to form a caged substrate radical and Fe IV hydroxide complex. This step is followed by recombination of the OH fragment with the substrate radical thus generating a hydroxylated product, corresponding to the oxygen rebound model. 30) Considering that the oxidation of piperine and piplartine occurs at the piperidine ring, the higher reactivity of piplartine must be related to the presence of the double bond, once it can stabilize by resonance the radical formed during the first of the metalloporphyrin-catalyzed oxidation. 31) It is also reported that in metalloporphyrin biomimetic reactions carried out in solvents as dichloroethane and acetonitrile, the oxidation of cyclohexane occur via this mechanism, leading to a predominant alcohol formation, [31] [32] [33] [34] [35] such as have occurred in the present work.
The literature reports a study of the in vivo metabolism of piperine, which has detected and characterized some of the metabolites present in urine of human and rats. 36) Comparing the products obtained by the in vivo study of piperine and with the ones with the biomimetic oxidation by metalloporphyrins, it is possible to realize that in most metalloporphyrin system, such a specific positioning of the substrate does not exist. Therefore, the structural moiety that is oxidized is dictated by the intrinsic chemical reactivity of its different function.
In summary, the data presented here indicate that the oxidation of piperine and piplartine catalyzed by MeP, a system that mimics the reactions of cytochrome P450, can contribute to biological in vitro metabolism assays employing isolated organelles, and it could aid and/or replace some in vivo metabolism studies, thus minimizing the problems related to the use of large number of animals in experimental research. It also can contribute for the understanding of some fragmentation patterns of the molecules in the in vivo metabolism, which could be related to toxic side effect of drugs. The oxidation of piperine occurs on the piperidine ring and showed no difference on yield when comparing MeP of first and second generations. On the other hand the oxidation of piplartine can take place both at the lactame ring and at the trimethoxyphenyl moiety of the molecule, showing an increase in yielding when used MeP of second generation. Finally, these results present a new alternative to mimic the metabolism of these important natural amides by cytochrome P450 enzymes and to produce their synthetic derivatives. 
